Autophagy is a degradative process in eukaryotic cells that removes or turns over bulk cytoplasmic constituents through the endosomal and lysosomal fusion system (i.e., autophagosomes).^[@bib1],\ [@bib2]^ Autophagy is induced by stressful conditions such as starvation and pathogenic invasion.^[@bib2]^

Hypertrophic scar (HS) is a major skin fibrotic disorder caused by hypercellularity and extracellular matrix (ECM) component deposition.^[@bib3],\ [@bib4],\ [@bib5]^ HS formation is usually recognized as the consequence of disturbed tissue repair processes and/or disrupted homeostasis in the skin after traumatic injury: HS negatively impacts on patient appearance, skeletal muscle function, and quality of life in general.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^ About 40--70% of surgeries and over 91% of burn injuries result in HS.^[@bib10]^ A key feature of HS is a metabolic disorder of collagen-based ECM proteins.^[@bib11],\ [@bib12],\ [@bib13]^ Autophagy has an important role in homeostasis of tissue structure and function.^[@bib2],\ [@bib14],\ [@bib15]^ Skin autophagic capability is associated with HS and with the pathogenesis of many human diseases.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^

Existing studies suggest that cytokines are important regulators of the autophagic process in both immune and non-immune cells.^[@bib24],\ [@bib25],\ [@bib26]^ Interleukin-10 (IL10), expressed by a variety of mammalian cell types, was first described as a cytokine-synthesis-inhibitory factor with immunosuppressive and anti-inflammatory functions.^[@bib27],\ [@bib28]^ IL10 has a pivotal role in wound healing^[@bib29],\ [@bib30]^ and is a promising therapeutic agent for scar improvement in both animal models and human cutaneous wounds.^[@bib9],\ [@bib31],\ [@bib32]^

Fibroblasts are one of the most important effector cells responsible for HS formation.^[@bib12],\ [@bib33],\ [@bib34]^ Thus, we were prompted to elucidate the mechanisms underlying the interactions among IL10, autophagy, and HS formation, with the aim of providing a molecular foundation for the therapeutic efficacy IL10. We used HS tissue, HS-derived fibroblasts (HSFs), and starvation-induced autophagy in HSFs as our research platform.

Here, we report that IL10 inhibited autophagy by interfering with IL10R-mediated activation of IL10R-STAT3, as well as by activating the AKT-mTOR pathway. In addition, cross talk among STAT3, AKT, and mTOR and between the IL10-IL10R-STAT3 and IL10-AKT-mTOR pathways collaboratively regulated starvation-induced autophagy in HSFs.

Results
=======

IL10 inhibits starvation-induced autophagy in HSFs
--------------------------------------------------

To test whether IL10 affects autophagy in HSFs, we subjected the cells to serum starvation in the absence or presence of IL10. Expression of the autophagy marker, LC3, in HSFs was then examined by qRT-PCR. As shown in [Figure 1a](#fig1){ref-type="fig"}, LC3 expression was upregulated by about twofold in starved HSFs (*P*=0.00014; [Figure 1a](#fig1){ref-type="fig"}) in comparison with non-starved controls. Interestingly, LC3 expression in starved HSFs was downregulated by IL10 at concentrations as low as 5 ng/ml (*P*=0.00096); such downregulation was more pronounced at higher concentrations (10, 20, and 40 ng/ml; *P*=0.00001, *P*=0.00001, and *P*=0.00001, respectively; [Figure 1a](#fig1){ref-type="fig"}). It is noteworthy that IL10\'s inhibitory effect on LC3 expression reached a plateau at 10 ng/ml. Western blot analysis of LC3 isoforms (LC3-I and LC3-II) indicated that the LC3-II/LC3-I ratio was markedly higher in starved HSFs than in non-starved controls (*P*=0.00000; [Figure 1b](#fig1){ref-type="fig"}). Intriguingly, the LC3-II/LC3-I ratio was similar to [Figure 1a](#fig1){ref-type="fig"} in the presence of IL10 at 10 ng/ml (*P*=0.18450), but was downregulated by higher concentrations of IL10 (*P*=0.00005, *P*=0.00003, and *P*=0.00001, respectively; [Figure 1b](#fig1){ref-type="fig"}). Likewise, the LC3-II/LC3-I ratio was comparable at the three higher concentrations of IL10. These results show that IL10 inhibits expression of the autophagy molecular marker LC3 in starved HSFs.

To verify the effect of IL10 on autophagy in starved HSFs, we examined autophagosome formation using transmission electron microscopy. Ultra-structure analysis showed that the number of autophagosomes in starved HSFs was substantially higher ([Figure 1c](#fig1){ref-type="fig"}, middle row, red arrows) than that in non-starved controls ([Figure 1c](#fig1){ref-type="fig"}, upper row). Although the number of autophagosomes in starved HSFs treated with 20 ng/ml IL10 ([Figure 1c](#fig1){ref-type="fig"}, lower row; green arrow indicates a lysosome) was much lower than that in starved HSFs, it was still higher than that in the control. These results indicate that starvation induces the formation of autophagosomes in HSFs, and the process is inhibited by IL10.

IL10R*α* expression in HS tissues and HSFs
------------------------------------------

Immunostaining of IL10R *α*-chain (IL10R*α*) showed that, in HS and HSFs, IL10R*α* was localized both on the cell surface and in the cytoplasm ([Figures 2a and b](#fig2){ref-type="fig"}), a distribution and localization similar to that in normal skin (NS) and normal skin-derived fibroblasts (NSFs; [Figures 2a and b](#fig2){ref-type="fig"}).

PCR analysis of the IL10R*α* gene amplified a fragment of 1736 bp from both HSFs and NSFs ([Figure 2c](#fig2){ref-type="fig"}). Sequence analysis verified that both amplified fragments were derived from human IL10R*α* (NM-001558.3, data not shown). As expected, western blotting detected the expression of a 63 kDa IL10R*α* protein at similar levels in both HSFs and NSFs (*P*=0.25480; [Figure 2d](#fig2){ref-type="fig"}), as well as in HS and NS (data not shown).

IL10-mediates activation of AKT and STAT3 in starved HSFs
---------------------------------------------------------

IL10 activates the IL10R-STAT3 signaling pathway by binding to IL10 receptors (IL10R) on the cell surface.^[@bib11],\ [@bib35],\ [@bib36]^ To determine whether IL10 inhibits autophagy in HSFs via the IL10R-STAT3 signaling pathway, the expression of p-STAT3 and STAT3 was analyzed in starved HSFs in the absence or presence of different concentrations of IL10 ([Figure 3](#fig3){ref-type="fig"}). Western blot analysis revealed that starvation downregulated p-STAT3 expression (*P*=0.00020; [Figure 3a](#fig3){ref-type="fig"}), and that IL10 alleviated the inhibitory effect of starvation on p-STAT3. By contrast, STAT3 expression appeared unaffected by either starvation or IL10 ([Figure 3a](#fig3){ref-type="fig"}). Interestingly, the antagonistic role of IL10 on starvation-mediated inhibition of p-STAT3 expression was dose-dependent (*P*=0.02531, *P*=0.001392, *P*=0.00114, and *P*=0.00004; [Figure 3a](#fig3){ref-type="fig"}), and dose-dependently increased (Δ*P*\<0.05; [Figure 3a](#fig3){ref-type="fig"}).

The AKT-mTOR pathway is essential for fundamental cellular function.^[@bib37],\ [@bib38],\ [@bib39]^ Next, we examined whether the AKT-mTOR pathway is involved in IL10-mediated inhibition of autophagy in HSFs. Western blot analysis of AKT and p-AKT expression revealed that starvation and IL10 had similar effects (*P*=0.00002, *P*=0.06549, *P*=0.01574, *P*=0.01237, and *P*=0.00006; [Figure 3b](#fig3){ref-type="fig"}). Taken together, these results indicate that IL10 inhibits autophagy via both the IL10R-STAT3 and AKT-mTOR pathways.

IL10 inhibits autophagy via the IL10/IL10R-STAT3 pathway
--------------------------------------------------------

To verify involvement of the IL10R-STAT3 pathway in IL10-mediated inhibition of autophagy in starved HSFs, the expression of p-STAT3/STAT3, p-AKT/AKT, and LC3-II/LC3-I in starved HSFs was compared in the presence/absence of IL10 and in the presence/absence of an anti-IL10R antibody (IL10RB). As shown in [Figure 4](#fig4){ref-type="fig"}, IL10RB reversed IL10-mediated effects on the expression of p-STAT3 (*P*=0.04779, [Figure 4a](#fig4){ref-type="fig"}) and p-AKT (*P*=0.00011, [Figure 4b](#fig4){ref-type="fig"}) and on the ratio of LC3-II/LC3-I (*P*=0.00262, [Figure 4c](#fig4){ref-type="fig"}) in starved HSFs. These results indicate that IL10-mediated inhibition of autophagy in starved HSFs is at least partially IL10R*α*-dependent.

To further understand the signal transduction pathway via which IL10 inhibits autophagy in starved HSFs, cryptotanshinone (a specific p-STAT3 inhibitor) was applied to starved HSFs in the presence/absence of IL10. Western blot analysis of p-STAT3/STAT3, p-AKT/AKT, LC3-II/LC3-I, and p-mTOR/mTOR showed that cryptotanshinone substantially suppressed IL10-induced p-STAT3 expression (*P*=0.00022, [Figure 4d](#fig4){ref-type="fig"}), and (albeit to a lesser extent) that of IL10-induced p-AKT expression (*P*=0.00026, [Figure 4e](#fig4){ref-type="fig"}), despite the presence of IL10; however, p-mTOR expression was unchanged (*P*=0.13835; [Figure 4f](#fig4){ref-type="fig"}). Nonetheless, cryptotanshinone did not significantly alter the LC3-II/LC3-I ratio, which was reduced in the presence of IL10 (*P*=0.58288; [Figure 4g](#fig4){ref-type="fig"}). These results suggest that IL10-mediated inhibition of autophagy in starved HSFs involves p-STAT3/STAT3, p-AKT/AKT, and p-mTOR/mTOR, probably via the IL10-IL10R-STAT3 and IL10-AKT-mTOR pathways.

IL10 inhibits autophagy via the IL10-AKT-mTOR pathway
-----------------------------------------------------

To examine the role of the IL10-AKT-mTOR pathway in IL10-mediated inhibition of autophagy in starved HSFs, LY294002 (a specific inhibitor of p-AKT) was applied to starved HSFs in the presence/absence of IL10. Western blot analysis of p-AKT/AKT, p-STAT3/STAT3, and LC3-II/LC3-I ratios showed that LY294002 suppressed IL10-induced p-AKT expression (*P*=0.00007; [Figure 5a](#fig5){ref-type="fig"}) and, to a lesser extent, downregulated IL10-induced p-STAT3 expression (*P*=0.00715; [Figure 5b](#fig5){ref-type="fig"}); it also covered IL10-mediated reduction in the LC3-II/LC3-I ratio (*P*=0.01716; [Figure 5c](#fig5){ref-type="fig"}).

To examine the involvement of p-mTOR in IL10-mediated inhibition of autophagy in starved HSFs, rapamycin (a specific mTOR inhibitor) was applied to starved HSFs in the presence or absence of IL10. Western blot analysis of p-mTOR/mTOR, p-AKT/AKT, p-STAT3/STAT3, and LC3-II/LC3-I ratios showed that rapamycin suppressed IL10-mediated upregulation of p-mTOR (*P*=0.00034; [Figure 5d](#fig5){ref-type="fig"}), p-AKT (*P*=0.04379; [Figure 5e](#fig5){ref-type="fig"}), and p-STAT3 (*P*=0.00444; [Figure 5f](#fig5){ref-type="fig"}) expression. However, rapamycin significantly increased the LC3-II/LC3-I ratio (*P*=0.00228; [Figure 5g](#fig5){ref-type="fig"}). These results imply that p-mTOR is a key and signaling molecule involved in IL10-mediated inhibition of autophagy in starved HSFs because inhibiting p-mTOR affects both the AKT-mTOR and IL10R-STAT3 pathways.

IL10 inhibits autophagy via cross talk between the AKT-mTOR and IL10R-STAT3 pathways
------------------------------------------------------------------------------------

The involvement of both the AKT-mTOR and IL10R-STAT3 pathways in IL10-mediated inhibition of starvation-induced autophagy in HSFs led us to hypothesize that these two pathways interact to facilitate IL10-mediated inhibition of autophagy. To test this, starved HSFs were treated with LY294002/rapamycin or with cryptotanshinone/rapamycin in the presence/absence of IL10. Western blot analysis of p-AKT/AKT, p-STAT3/STAT3, p-mTOR/mTOR, and LC3-II/LC3-I showed that, as expected, LY294002/cryptotanshinone almost completely abolished p-AKT (*P*=0.11713 and *P*=0.00000; [Figure 6a](#fig6){ref-type="fig"}) and p-STAT3 (*P*=0.00000 and *P*=0.00002; [Figure 6b](#fig6){ref-type="fig"}), even if in the presence of IL10. Whereas LY294002 alone significantly suppressed IL10-mediated upregulation of p-AKT expression, cryptotanshinone alone failed to suppress starvation-induced or IL10-mediated p-AKT expression in starved HSFs independent of IL10 ([Figure 6a](#fig6){ref-type="fig"}). By contrast, LY294002 alone had no significant effect on p-STAT3 expression in the presence or absence of IL10, whereas cryptotanshinone strongly suppressed p-STAT3 expression in starved HSFs independently of IL10 ([Figure 6b](#fig6){ref-type="fig"}). More interestingly, LY294002 alone downregulated p-mTOR expression in a manner similar to p-AKT ([Figures 6a and c](#fig6){ref-type="fig"}), whereas cryptotanshinone upregulated starvation-induced p-mTOR expression in the absence of IL10 (*P*=0.00509; [Figure 6c](#fig6){ref-type="fig"}). In the absence of IL10, both LY294002 and cryptotanshinone (either alone or together) failed to increase the LC3-II/LC3-I ratio (*P*=0.12734; [Figure 6d](#fig6){ref-type="fig"}), whereas in the presence of IL10, cryptotanshinone (either alone or together with LY294002) further reduced the LC3-II/LC3-I ratio (*P*=0.00840; [Figure 6d](#fig6){ref-type="fig"}).

The combination of cryptotanshinone and rapamycin strongly suppressed expression of p-AKT (*P*=0.00006 and *P*=0.00004; [Figure 6e](#fig6){ref-type="fig"}), p-STAT3 (*P*=0.00009 and *P*=0.33470; [Figure 6f](#fig6){ref-type="fig"}), and p-mTOR (*P*=0.00045 and *P*=0.00125; [Figure 6g](#fig6){ref-type="fig"}), and abolished LC3-I expression while at the same time markedly increasing LC3-II expression, resulting in a striking increase in the LC3-II/LC3-I ratio (*P*=0.00074 and *P*=0.00064; [Figure 6h](#fig6){ref-type="fig"}) in starved HSFs. Similar to the observations described in [Figure 6a](#fig6){ref-type="fig"}, cryptotanshinone alone alleviated starvation-induced suppression of p-AKT expression in the presence or absence of IL10 ([Figure 6e](#fig6){ref-type="fig"}), as did rapamycin ([Figure 6e](#fig6){ref-type="fig"}).

Furthermore, consistent with the observations in [Figure 6b](#fig6){ref-type="fig"}, cryptotanshinone alone strongly inhibited p-STAT3 expression, even in the presence of IL10 (*P*=0.35483; [Figure 6f](#fig6){ref-type="fig"}). By contrast, rapamycin alone slightly reversed starvation-induced suppression of p-STAT3 expression ([Figure 6f](#fig6){ref-type="fig"}). Cryptotanshinone, either alone or together with rapamycin, either abolished or strongly inhibited p-mTOR expression in the absence of IL10 (*P*=0.00783; [Figure 6g](#fig6){ref-type="fig"}). Cryptotanshinone alone did not affect IL10-mediated rescue of starvation-induced p-mTOR inhibition, whereas it inhibited IL10-mediated rescue of p-mTOR expression when combined with rapamycin in the presence of IL10. Rapamycin alone blocked IL10-mediated rescue of starvation-induced p-mTOR inhibition ([Figure 6g](#fig6){ref-type="fig"}). These results further indicate the involvement of both the AKT-mTOR and IL10R-STAT3 pathways in IL10-mediated inhibition of autophagy in starved HSFs.

IL10 inhibits autophagy via the mTOR-p70S6K pathway
---------------------------------------------------

Phosphorylated p70S6K (p-p70S6K) is a signaling molecule that acts downstream of mTOR. As shown in [Figures 7a and b](#fig7){ref-type="fig"}, starvation inhibited the expression of both p-mTOR and p-p70S6K; however, IL10 rescued the expression of p-mTOR (*P*=0.16128, *P*=0.03496, *P*=0.00086, and *P*=0.00009; [Figures 7a](#fig7){ref-type="fig"}) and p-p70S6K (*P*=0.00023, *P*=0.00006, *P*=0.00000, and *P*=0.00016; [Figure 7b](#fig7){ref-type="fig"}) from starvation-induced inhibition in HSFs in a dose-dependent manner. Rapamycin strongly inhibited p-p70S6K expression (*P*=0.00007; [Figure 7c](#fig7){ref-type="fig"}), even in the presence of IL10 (*P*=0.00079; [Figure 7c](#fig7){ref-type="fig"}), but this effect was irreversible in the presence of IL10 (*P*=0.23409; [Figure 7c](#fig7){ref-type="fig"}). This result indicates that p-mTOR likely acts as a signaling molecule on which upstream signals converge before being transmitted downward to p-p70S6K.

Discussion
==========

HS formation usually results from disturbance of the tightly controlled tissue repair mechanism due to traumatic skin injury.^[@bib8],\ [@bib12]^ HS is not only aesthetically displeasing, but also obstructs normal muscle function, thereby contributing to psychological and physical suffering.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^

Autophagy is a lysosomal degradation pathway essential for cellular survival, differentiation, development, and homeostasis.^[@bib17],\ [@bib40],\ [@bib41],\ [@bib42]^ During disease pathogenesis, autophagy principally serves an adaptive role to protect organisms from pathogen infection and from aging, neurodegeneration, and cancer.^[@bib16],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ LC3 is an indicator of autophagy induction in mammals. LC3 typically localizes in the cytosol under normal conditions and translocates to autophagosomal membranes when autophagy is induced.^[@bib43],\ [@bib44]^ There are two forms of LC3: LC3-I and LC3-II. LC3-I is the non-lipidated form, with a molecular weight of 18 kDa, and LC3-II is the lipidated form, with a molecular weight of 16 kDa.^[@bib45],\ [@bib46]^ Conversion of LC3-I to LC3-II correlates with the formation of autophagosomes.^[@bib43],\ [@bib44],\ [@bib47]^ Thus, changes in the LC3-II/LC3-I ratio are indicative of autophagic activity.

Currently, there is no effective therapy for HS, largely because the mechanisms underlying HS development are poorly understood.^[@bib10],\ [@bib48]^ IL10 was identified as a promising therapeutic agent that can reduce HS.^[@bib31],\ [@bib32]^ To clearly elucidate the mechanisms underlying the effects of IL10 on autophagy and HS formation, we examined autophagy in HSFs and NSFs in the presence or absence of IL10. The results showed that starvation can induce autophagic protein ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) and mRNA ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}) expression in both HSFs and NSFs, and that this can be inhibited by IL10. As expected, the difference was more noticeable in HSFs than in NSFs ([Supplementary Figures 1 and 2](#sup1){ref-type="supplementary-material"}). The results also suggest (albeit indirectly) that IL10 has potential therapeutic benefit for the prevention and reduction of HS formation. Thus, we used HS tissue and serum-starved HSFs as our research platform.

IL10 is thought to function via the STAT3-mediated signaling pathway.^[@bib11],\ [@bib35],\ [@bib36]^ Specifically, dimerized IL10 binds to the IL10R complex, which comprises two IL10R *α*-chains (IL10R*α*) and two accessory IL10R *β*-chains (IL10R*β*). IL10R*α* is unique to IL10R, whereas IL10R*β* is more diverse, being involved in signaling pathways related to several cytokines, including IL-22, IL-26, an x-interferon (*λ*-IFN), IL-28 A/B, and IL-29.^[@bib11],\ [@bib36]^ Therefore, preventing the inhibition of IL10R*α* functions would specifically disrupt IL10 functions that depend on IL10R*α*. STAT3 is a signaling molecule that interacts with multiple factors. STAT3 is phosphorylated by JAK1 and Tyk2, resulting in its dimerization and translocation to the nucleus to activate target gene expression.^[@bib11],\ [@bib35],\ [@bib36],\ [@bib49]^ To date, it is unclear whether the IL10R-STAT3 pathway is the primary mediator of IL10 function.^[@bib39],\ [@bib50]^

The AKT-mTOR pathway is responsible for cell survival, energy metabolism, and protein synthesis.^[@bib37],\ [@bib38]^ The results presented herein showed that IL10 increased STAT3 phosphorylation at Tyr705 and AKT phosphorylation at Ser473 ([Figures 3a and b](#fig3){ref-type="fig"}) in a dose-dependent manner. Treatment of HSFs with IL10RB inhibited p-STAT3 ([Figure 4a](#fig4){ref-type="fig"}) and p-AKT ([Figure 4b](#fig4){ref-type="fig"}) expression, whereas treatment of HSFs with the PI3K blocker, LY294002, downregulated both p-AKT ([Figure 5a](#fig5){ref-type="fig"}) and p-STAT3 ([Figure 5b](#fig5){ref-type="fig"}). These results imply that IL10 induces cross talk between the IL10R-STAT3 and AKT-mTOR pathways in starvation-treated HSFs.

To confirm whether IL10 inhibits autophagy via cross talk between the AKT-mTOR and IL10R-STAT3 pathways, HSFs were treated with various combinations of IL10, IL10RB, LY294002, cryptotanshinone, and rapamycin. IL10-mediated inhibition of autophagy was partly fortified by IL10RB, LY294002, cryptotanshinone, and rapamycin ([Figures 4c](#fig4){ref-type="fig"},[5c](#fig5){ref-type="fig"},[4g](#fig4){ref-type="fig"}, and [5g](#fig5){ref-type="fig"}); however, IL10-mediated inhibition of autophagy was significantly increased by various combinations of these agents ([Figures 6d and h](#fig6){ref-type="fig"}). These data further corroborated the hypothesis that IL10 inhibits starvation-induced autophagy in HSFs by inducing p-AKT, p-STAT3, and p-mTOR expression via cross talk between the AKT-mTOR and IL10R-STAT3 pathways.

The mTOR kinase-dependent signaling pathway regulates autophagy.^[@bib51]^ Activating the AKT-mTOR pathway inhibits autophagy, whereas the loss of signaling through this cascade removes the negative repression of mTOR.^[@bib52]^ Therefore, there is a direct link between autophagy and the mTOR signaling pathway. Consistent with previous observations that p-mTOR activates the p70S6K complex leading to the inhibition of autophagy,^[@bib51],\ [@bib52]^ our data demonstrate that p-p70S6K was induced in starvation-treated HSFs exposed to IL10 ([Figure 7b](#fig7){ref-type="fig"}). Interestingly, p-p70S6K expression was abrogated by rapamycin in the presence of IL10 ([Figure 7c](#fig7){ref-type="fig"}). The LC3-II/LC3-I ratio increased during starvation, a phenomenon that was not reversed by rapamycin, even in the presence of IL10 ([Figure 5g](#fig5){ref-type="fig"}). These results confirmed that IL10 signaling activates mTOR and P70S6K ([Figures 7a--c](#fig7){ref-type="fig"}) to inhibit autophagy in starved HSFs.

In conclusion, we identified a novel mechanism by which IL10 inhibits autophagy in serum-starved HSFs. As illustrated schematically in [Figure 8](#fig8){ref-type="fig"}, IL10 inhibits starvation-induced autophagy through signaling via both the IL10/IL10R-STAT3 and IL10/AKT-mTOR pathways. Moreover, this phenomenon is likely mediated via the cross talk between STAT3, AKT, and mTOR, particularly between STAT3 and mTOR. This is further supported by our finding of significant increases in LC3 expression in starved HSFs in the presence of IL10 and cryptotanshinone (a STAT3 inhibitor) and rapamycin (an mTOR inhibitor) ([Figures 6d and g](#fig6){ref-type="fig"}). Taken together, these results strongly support the notion that IL10 inhibits starvation-induced autophagy in HSFs via cross talk between the IL10/IL10R-STAT3 and IL10/AKT-mTOR pathways ([Figure 8](#fig8){ref-type="fig"}). These findings shed light on the molecular mechanism underlying HS formation and highlight the therapeutic potential of IL10. Further studies based on cells harboring mutations in these signaling pathways may provide further insight into the role of IL10 in HS formation.

Materials and Methods
=====================

Collection and processing of HS tissue
--------------------------------------

HS and normal dermal skin (NS) tissues were collected from patients who had undergone surgical excision at Xijing Hospital (Xi\'an, China). Written consent was obtained from all participants before surgery. All protocols used in the study were approved by the Ethics Committee of Xijing Hospital, affiliated to the Fourth Military Medical University of China. Each collected skin tissue sample was split into two portions: one portion was preserved in 10% buffered formalin solution for immunostaining and the remaining portion was to isolate fibroblasts for culture.

Immunostaining
--------------

The skin tissues fixed in 10% buffered formalin were embedded in paraffin blocks and cut into 4*-μ*m-thick tissue sections. The processed tissue sections were then dewaxed and treated with 3% hydrogen peroxide for 15 min, followed by blocking with goat serum for 30 min, incubation at 4 °C overnight with a primary monoclonal antibody (mAb) against IL10R*α* (1:100 dilution; Santa Cruz Biotechnology, Dallas, TX, USA; 365374), and immunostained with a SP-9000 Histostain Kit (ZSGB, Beijing, China; SP-9000D), according to the manufacturer\'s instructions. Briefly, tissue sections were incubated with a biotinylated secondary antibody, treated with streptavidin-biotin-horseradish peroxidase for signal amplification, and then stained with diaminobenzidine. Finally, the tissue sections were counterstained with hematoxylin. Isotype-matched IgG was used as a negative control for each immunostaining procedure.

Immunofluorescence analysis was performed as previously reported.^[@bib9]^ In brief, cells were grown on coverslips for 24--36 h until 70--80% confluent, fixed in 4% formaldehyde for 30 min, washed with phosphate-buffered saline (PBS), permeablized with 0.1% Triton-X100 for 10 min at room temperature, blocked with 1% bovine serum albumin, hybridized with a mouse mAb specific for IL10R*α* (1:500 dilution; Santa Cruz; 365374) at room temperature for 1 h, and then incubated with a Cy3-conjugated goat anti-mouse secondary antibody (1:100 dilution; Cwbio, Beijing, China; CW0159) at 37 °C for 1 h. Finally, the samples were stained with 4′,6′-diamidino-2-phenylindole (Sigma, St Louis, MO, USA; D9542).

Transmission electron microscopy
--------------------------------

Ultrathin sections of HSFs were processed in conventional methods. The samples were examined and imaged using a JEM-123 transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV.

Cell culture and treatment
--------------------------

Cell culture was performed as previously described.^[@bib5],\ [@bib9]^ Briefly, fibroblasts were extracted from minced HS tissues by incubation in a solution of collagenase type I (0.1 mg/ml; Sigma; C0130) at 37 °C for 2.5 h. Extracted HSFs were collected and cultured at 37 °C (in a 5% (v/v) CO~2~-humidified incubator) in Dulbecco\'s modified Eagle\'s medium (Gibco, Grand Island, NY, USA; 8113013) supplemented with 10% fetal calf serum (FCS; Gibco; 1087263), 100 U/ml penicillin, and 100 U/ml streptomycin (Hyclone, Logan, VT, USA; SV30010). All experiments were performed with cells at passage 3--5.

Biochemical analysis was conducted on HSFs at 70--80% confluence after incubation for 12--16 h in serum-free medium. Phosphorylation of STAT3, AKT, mTOR, and p70S6K was examined in HSFs treated with IL10 (10 ng/ml; PeproTech, Rocky Hill, NJ, USA; 0903B21-3), IL10RB (1:500 dilution; Santa Cruz; 365374), LY294002 (50 *μ*M; Beyotime, Haimen, Jiangsu, China; S1737), cryptotanshinone (4.6 *μ*M; Selleckchem, Houston, TX, USA; S2285), or rapamycin (1 *μ*g/*μ*l; Enzo, Farmingdale, NY, USA; BML-A275) for 30 min. Autophagy analysis (LC3 gene and protein expression) was conducted on HSFs treated for 6 h with each of the above reagents.

qRT-PCR and PCR
---------------

qRT-PCR was performed as previously reported.^[@bib4],\ [@bib9]^ In brief, total RNAs were extracted from cultured cells using an RNA isolation kit (Takara, Dalian, Liaoning, China; 9109). The purity of the RNA was calculated as follows: A260/A280 (1.9--2.0). The primer sets used were as follows: LC3, forward 5′-CAACATGAGCGAGTTGGTCAAGA-3′ and reverse 5′-ACTCACCATGCTGTGCTGGTTC-3′ Beclin1, forward 5′-ATGCAGGTGAGCTTCGTGTG3′ and reverse 5′-CTGGGCTGTGGTAAGTAATGGA-3′ Atg5, forward 5′-GCTGCACTTTATTACCAAGCCTCTG-3′ and reverse 5′-AGCGTACTCAAATGGGTCAACATTC-3′ Atg12, forward 5′-AGTAGAGCGAACACGAACCATCC-3′ and reverse 5′-CCACGCCTGAGACTTGCAGTAA-3′ and GAPDH, forward 5′-GCACCGTCAAGCTGAGAAC-3′ and reverse 5′-TGGTGAAGACGCCAGTGGA-3′. The relative expression of the target gene transcripts was expressed as the mean abundance from three independent reactions. Expression was normalized against that of GAPDH.

To detect IL10R*α*, IL10R*α* was amplified by PCR using primers 5′-GCG[AGATCT]{.ul}ATGCTGCCGTGCCTCGTAGTGC-3′ (upstream) and 5′-CAG[GGTACC]{.ul}TCACTCACTTGACTGCAGGCTAGAGAT-3′ (downstream) (*Bgl*II and *Kpn*I restriction sites underlined). The PCR products were then cloned into the *p*MD18T vector (Takara, 6011) and sequenced (Sangon, Shanghai, China).

Western blot analysis
---------------------

Cultured HSFs were harvested, washed in PBS, and resuspended in RIPA cell lysis solution (Beyotime; P0013C) supplemented with 200 *μ*g/ml phenylmethylsulfonyl fluoride (Boster, Wuhan, Hubei, China; AR1179), phosphatase inhibitor cocktail (Sigma; P0044), and protease inhibitor cocktail (Sigma; P8340). The protein concentration of the cell lysates was determined using the BCA assay (Pierce, Rockford, IL, USA; \#23225).

Western blotting was performed as previously described.^[@bib9],\ [@bib53]^ Briefly, cell lysates containing equal amounts of protein were separated in 7% (for phosphorylated products) or 14% (for LC3) SDS-PAGE gels and transferred to polyvinylidene fluoride (Millipore, Temecula, CA, USA; ISEQ00010) membranes at 100 V for 25 min (for LC3) or 100 min (for mTOR, p70S6K, STAT3, and AKT). Membranes were then blocked with 5% non-fat milk in TBST (Tris-buffered saline/0.5% Tween-20) at room temperature for 3 h, followed by incubation at 4 °C overnight with rabbit mAbs specific for IL10R*α* (Epitomics, Burlingame, CA, USA; GTX102731), p-STAT3 (CST, \#9145), STAT3 (CST, \#12640), p-AKT (CST, \#4060), AKT (CST, \#4691), p-mTOR (CST, \#5536), mTOR (CST, \#2983), p-P70S6K (CST, \#9234), p70S6K (CST, \#9202), or LC3B (CST, Danvers, MA, USA; \#3868). Finally, the membranes were washed and incubated with HRP-conjugated secondary antibodies (1:3000 dilution; Bioss, Beijing, China; bs-0295G-HRP). The immunoreactive protein bands were detected using ECL reagents (Millipore; WBKLS0100). The signal intensity of each protein was quantified by scanning the membrane with an image analyzer (Alpha Innotech, San Leandro, CA, USA). The membrane was then stripped of antibodies and re-probed with a rabbit mAb against *β*-actin (1:2000 dilution; CST; \#4970) as an internal loading control.

Statistical analysis
--------------------

Quantitative data are expressed as the mean±standard error of the mean (S.E.M.). Student\'s *t-*test was used to compare data between two groups and analysis of variance was used for multiple-group comparisons. A *P*-value of \<0.05 was considered statistically significant.
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![IL10-mediated inhibition of starvation-induced autophagy in HSFs. HSFs (70--80% confluent) were starved by culturing in serum-depleted medium for 12--16 h prior to exposure to different doses of IL10 for 6 h. (**a**) The amount of LC3 mRNA was analyzed by qRT-PCR (data are expressed as the mean±S.E.M.; *n*=3; \**P*\<0.05 *versus* the non-starvation group; ^\#^*P*\<0.05 *versus* the starvation group). (**b**) LC3-I and LC3-II protein expression was analyzed by western blotting and the LC3-II/LC3-I ratio calculated based on signal intensity (*n*=3; \**P*\<0.05 *versus* the non-starvation group; ^\#^*P*\<0.05 *versus* the starvation group; Δ*P*\<0.05). (**c**) Few autophagosomes were observed in the non-starvation group (upper row, green arrows indicate lysosomes). Autophagosome numbers in the starved group (middle row, red arrows) increased, whereas they decreased in cells treated with 20 ng/ml IL10 (lower row). Scale bars, 2 and 0.5 *μ*m](cddis201644f1){#fig1}

![IL10R*α* expression in HS tissues and HSFs. (**a**) IL10R*α* expression was detected by streptavidin-peroxidase DAB staining of HS and NS tissues. Scale bars=100, 50, and 25 *μ*m. (**b**) The cellular localization of IL10R*α* was analyzed using a specific mAb and a Cy3-conjugated secondary antibody. Fibroblast nuclei were stained with DAPI. Scale bars, 50 *μ*m. (**c**) PCR was performed to analyze IL10R*α* mRNA expression in HSFs and NSFs. Lane 1, DNA ladder; lane 2, IL10R*α* in HSFs; lane 3, IL10R*α* in NSFs. (**d**) IL10R*α* protein (molecular weight, 63 kDa) expression in HSFs (hatched bar) and NSFs (closed bar). Data are expressed as the mean±S.E.M. (*n*=3; *P*\>0.05 *versus* the NSFs group)](cddis201644f2){#fig2}

![IL10-mediated activation of STAT3 and AKT in starved HSFs. HSFs (70--80% confluent) were starved by culturing in serum-depleted medium for 12--16 h before exposure to different concentrations of IL10 for 30 min. (**a**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio (data expressed as the mean±S.E.M.; *n*=3, \**P*\<0.05 *versus* the non-starvation control and ^\#^*P*\<0.05 *versus* the starvation control; Δ*P*\<0.05). (**b**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio (*n*=3; \**P*\<0.05 *versus* the non-starvation control and ^\#^*P*\<0.05 *versus* the starvation control)](cddis201644f3){#fig3}

![IL10-mediated inhibition of autophagy via the IL10/IL10R-STAT3 pathway. HSFs (70--80% confluent) were starved by culturing in serum-depleted medium for 12--16 h. p-STAT3 and p-AKT protein expression in response to IL10 treatment was then assessed after incubation with IL10RB for 30 min. (**a**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10 and/or IL10RB (data are expressed as the mean±S.E.M.; *n*=3; \**P*\<0.05 *versus* the starvation control and ^\#^*P*\<0.01 *versus* the IL10RB treatment group). (**b**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10 and/or IL10RB (*n*=3; ^\#^*P*\<0.01 *versus* the starvation control and ^\#^*P*\<0.01 *versus* the IL10RB treatment group). (**c**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10 and/or IL10RB (*n*=3; \**P*\<0.05 *versus* the starvation control; \**P*\<0.05 *versus* the starvation group; ^\#^*P*\<0.01 *versus* the IL10RB treatment group). (**d**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10 and/or the STAT3 inhibitor, cryptotanshinone (*n*=3; \*\**P*\<0.001 *versus* the starvation control; ^\#^*P*\<0.01 *versus* the starvation group; Δ*P*\>0.05 *versus* the cryptotanshinone-treatment group). (**e**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10 and/or cryptotanshinone (*n*=3; \*\**P*\<0.001 *versus* the starvation control or the cryptotanshinone-treated group). (**f**) p-mTOR and mTOR protein expression and changes in the p-mTOR/mTOR ratio the presence of IL10 and/or cryptotanshinone (*n*=3; Δ*P*\>0.05 *versus* the starvation control or cryptotanshinone-treated groups and ^\#^*P*\<0.01 *versus* the starvation control group). (**g**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10 and/or cryptotanshinone (*n*=3; Δ*P*\>0.05 *versus* the starvation control or cryptotanshinone-treated groups and \**P*\<0.05 *versus* the starvation control group)](cddis201644f4){#fig4}

![IL10-mediated inhibition of autophagy via the IL10/AKT-mTOR pathway. HSFs (70--80% confluent) were starved by culturing in serum-depleted medium for 12--16 h. p-AKT, p-STAT3, and p-mTOR protein expression in response to IL10 was assessed after incubation with LY294002 or rapamycin for 30 min. (**a**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10 and/or the p-AKT inhibitor LY294002 (data are expressed as the mean±S.E.M.; *n*=3; \*\**P*\<0.001 *versus* the starvation control and \**P*\<0.05 *versus* the LY294002 treatment group). (**b**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10 and/or LY294002 (*n*=3; Δ*P*\>0.05 *versus* the starvation and LY294002 treatment groups). (**c**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10 and/or Ly294002 (*n*=3; Δ*P*\>0.05 *versus* the starvation group; \*\**P*\<0.001 *versus* the LY294002 treatment group). (**d**) p-mTOR and mTOR protein expression and changes in the p-mTOR/mTOR ratio in the presence of IL10 and/or the p-mTOR inhibitor, rapamycin (data are expressed as the mean±S.E.M.; *n*=3; Δ*P*\>0.05 *versus* the starvation and rapamycin-treatment groups). (**e**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10 and/or rapamycin (*n*=3; Δ*P*\>0.05 *versus* the starvation and rapamycin-treatment groups). (**f**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10 and/or rapamycin (*n*=3; Δ*P*\>0.05 *versus* the starvation and rapamycin-treatment groups). (**g**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10 and/or rapamycin (*n*=3; ^\#^*P*\<0.01 *versus* the starvation group and \*\**P*\<0.001 *versus* the rapamycin-treatment group)](cddis201644f5){#fig5}

![IL10-mediated inhibition of autophagy via cross talk between the AKT-mTOR and IL10R-STAT3 pathways. HSFs (70--80% confluent) were starved by culturing in serum-depleted medium for 12--16 h. p-AKT, p-STAT3, and p-mTOR protein expression in response to IL10 was then assessed after treatment with LY294002, cryptotanshinone, and rapamycin (or combinations thereof) for 30 min. (**a**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10, LY294002, or cryptotanshinone (or combinations thereof) (data are expressed as the mean±S.E.M.; *n*=3; Δ*P*\>0.05 and \*\**P*\<0.001 *versus* individual treatment groups; Δ*P*\>0.05 and \*\**P*\<0.001 *versus* the LY294002+cryptotanshinone or cryptotanshinone-treatment groups, and Δ*P*\>0.05 *versus* the LY294002 treatment group). (**b**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10, LY294002, or cryptotanshinone (or combinations thereof) (*n*=3; \*\**P*\<0.001 *versus* individual treatment groups and Δ*P*\>0.05 and \*\**P*\<0.001 *versus* the LY294002+cryptotanshinone or individual treatment groups). (**c**) p-mTOR and mTOR protein expression and changes in the p-mTOR/mTOR ratio in the presence of IL10, LY294002, or cryptotanshinone (or combinations thereof) (*n*=3; ^\#^*P*\<0.01 *versus* the LY294002-treated or LY294002+cryptotanshinone-treated groups; Δ*P*\>0.05 *versus* the cryptotanshinone-treated group and \*\**P*\<0.001 *versus* the LY294002-treated group). (**d**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10, LY294002, or cryptotanshinone (or combinations thereof) (*n*=3; Δ*P*\>0.05 *versus* the cryptotanshinone- or LY294002-treated groups; \*\**P*\<0.001 *versus* the group LY294002-treated group; and ^\#^*P*\<0.01 *versus* the LY294002+cryptotanshinone-treated group). (**e**) p-AKT and AKT protein expression and changes in the p-AKT/AKT ratio in the presence of IL10, cryptotanshinone, or rapamycin (or combinations thereof) (*n*=3; \*\**P*\<0.001 and ^\#^*P*\<0.01 *versus* the individual treatment groups; \**P*\<0.05 *versus* the cryptotanshinone+rapamycin-treated group). (**f**) p-STAT3 and STAT3 protein expression and changes in the p-STAT3/STAT3 ratio in the presence of IL10, cryptotanshinone, or rapamycin (or combinations thereof) (*n*=3; \*\**P*\<0.001 *versus* the rapamycin-treated group; Δ*P*\>0.05 *versus* the cryptotanshinone+rapamycin-treated group). (**g**) p-mTOR and mTOR protein expression and changes in the p-mTOR/mTOR ratio in the presence of IL10, cryptotanshinone, or rapamycin (or combinations thereof) (*n*=3; \*\**P*\<0.001 and ^\#^*P*\<0.01 *versus* the individual treatment groups or the cryptotanshinone+rapamycin-treated group). (**h**) LC3-I and LC3-II protein expression and changes in the LC3-II/LC3-I ratio in the presence of IL10, cryptotanshinone, or rapamycin (or combinations thereof) (*n*=3; \*\**P*\<0.001 *versus* the starvation control and individual treatment groups; ^\#^*P*\<0.01 *versus* the cryptotanshinone+rapamycin-treated or individual treatment groups; and Δ*P*\>0.05 *versus* the cryptotanshinone+rapamycin-treated group)](cddis201644f6){#fig6}

![IL10-mediated inhibition of autophagy via the mTOR-p70S6K pathway. HSFs (70--80% confluent) were starved by culture in serum-depleted medium for 12--16 h. p-mTOR and p-p70S6K protein expression in response to IL10 treatment was then assessed in the presence or absence of rapamycin for 30 min. (**a**) p-mTOR and mTOR protein expression and changes in the p-mTOR/mTOR ratio in the presence of IL10 (data are expressed as the mean±S.E.M.; *n*=3, \**P*\<0.05 *versus* the non-starvation group and ^\#^*P*\<0.05 *versus* the starvation group; Δ*P*\<0.05). (**b**) p-p70S6K and p70S6K protein expression and changes in the p-p70S6K/p70S6K ratio in the presence of IL10 (*n*=3; \**P*\<0.05 *versus* the non-starvation group and ^\#^*P*\<0.05 *versus* the starvation group; Δ*P*\<0.05). (**c**) p-p70S6K and p70S6K protein expression and changes in the p-p70S6K/p70S6K ratio in the presence of IL10 and/or rapamycin (*n*=3; \*\**P*\<0.001 *versus* the non-starvation control and \*\**P*\<0.001 *versus* the starvation group; Δ*P*\>0.05 *versus* the rapamycin-treatment group)](cddis201644f7){#fig7}

![Schematic diagram showing the proposed mechanism underlying IL10-mediated inhibition of autophagy in starvation-treated HSFs. IL10 inhibits starvation-induced autophagy via IL10R-mediated activation of the IL10R-STAT3 pathway (IL10/IL10R-STAT3 pathway) or via direct activation of AKT-mTOR pathway (IL10/AKT-mTOR pathway). IL10 inhibits starvation-induced autophagy by inducing cross talk among STAT3, AKT, and mTOR, particularly STAT3 and mTOR and, finally, via activation of p70S6K (\'→\' activation, \'⊥\' inhibition)](cddis201644f8){#fig8}
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